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Abstract
Fat Specific Protein 27 (FSP27), a lipid droplet (LD) associated protein in adipocytes, regulates triglyceride (TG) storage. In
the present study we demonstrate that FSP27 plays a key role in LD morphology to accumulate TGs. We show here that
FSP27 promotes clustering of the LDs which is followed by their fusion into fewer and enlarged droplets. To map the
domains of FSP27 responsible for these events, we generated GFP-fusion constructs of deletion mutants of FSP27.
Microscopic analysis revealed that amino acids 173–220 of FSP27 are necessary and sufficient for both the targeting of
FSP27 to LDs and the initial clustering of the droplets. Amino acids 120–140 are essential but not sufficient for LD
enlargement, whereas amino acids 120–210 are necessary and sufficient for both clustering and fusion of LDs to form
enlarged droplets. In addition, we found that FSP27-mediated enlargement of LDs, but not their clustering, is associated
with triglyceride accumulation. These results suggest a model in which FSP27 facilitates LD clustering and then promotes
their fusion to form enlarged droplets in two discrete, sequential steps, and a subsequent triglyceride accumulation.
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Introduction
Cellular lipid droplets (LDs) are dynamic organelles which
regulate triglyceride (TG) stores in cells [1,2,3,4]. LDs are
composed of a core of neutral lipids surrounded by a phospholipid
monolayer and associated proteins [5,6,7]. Of the LD-associated
proteins, the best-characterized proteins are members of the PAT
family, also called the perilipin (Plin) family, of proteins [3,4,8]
which function in the regulation of lipolysis. We and others
identified another LD associated protein that is highly expressed in
adipocytes, Fat Specific Protein 27 (FSP27), and plays a unique
role in LD dynamics. Accumulating evidence indicates that FSP27
plays a role in TG accumulation and LD size in adipocytes
[9,10,11] and liver [12]. Depletion of FSP27 in cultured
adipocytes causes LD fragmentation and an increase in lipolysis,
whereas its expression in non-adipose cells increases LD size and
TG levels [9,10]. A non-sense mutation in the C-terminus of
CIDEC (human ortholog of FSP27) in humans also results in the
accumulation of multiple, small LD’s in white adipocytes in vivo
[13]. These results suggest the role of FSP27 in regulating LD
morphology, but the mechanism(s) by which FSP27 regulates LD
morphology is not known.
In our preliminary studies, and by closely examining published
images [9,10,14], we noted that overexpression of FSP27 in COS-
7 and 293T cells initially leads to the clustering of small lipid LDs
before larger ones appear. We therefore hypothesized that the
FSP27-mediated increase in LD size is not a simple process but
involves multiple steps and is regulated by specific domains of
FSP27. Here we show that FSP27 promotes LD clustering which is
then followed by the formation of fewer and enlarged LDs. Our
data also reveal that LD enlargement but not clustering causes TG
accumulation. A recent study identified that LD localization of
FSP27 requires amino acids 174–192 of its C-domain [15]. In this
study Liu et al. showed that amino acids 174–192 are required but
not sufficient for LD localization of FSP27. Thus, our objective in
the current study was to define the domains of FSP27 that are
required for LD targeting and for LD enlargement. While
confirming the importance of the C-terminus of FSP27 in LD
localization, our results show that the amino acids 173–220 of
FSP27 play a role in targeting of FSP27 to LDs and their
clustering. We have demonstrated that amino acids 120–140 are
essential but not sufficient for LD enlargement and that amino
acids 120–210 are sufficient for both clustering and fusion of LDs
to form enlarged droplets. Taken together, our data show that
FSP27 regulates LD morphology and TG accumulation in cells by
first clustering the LDs and then fusing them to form fewer and
enlarged LDs. Thus, these results indicate a direct regulatory role
of FSP27 in LD dynamics.
Results
FSP27-GFP expression causes clustering of LDs
In order to define the role of FSP27 in LD morphology we
carried out our initial studies in COS-7 cells because these cells do
not have endogenous FSP27 or other adipogenic proteins such as
PPARc and perilipin (PLIN1) [3,16], and these cells have been
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interactions of various adipocyte specific proteins [17,18,19,
20,21,22,23,24,25,26] or to study the function of various LD
proteins and lipases [27,28,29]. GFP vector alone had no effect on
the homogeneous LD distribution in COS-7 cells (Fig. 1A),
whereas overnight (16 hr) FSP27-GFP expression caused aggre-
gation or clustering of LDs (Fig. 1B). Furthermore, as shown in
previous studies [9,10,14,30], FSP27 was associated with LDs and
showed a ring-like pattern around the LDs in 2-dimensional
imaging. As shown in Figure 1C, about 85% of FSP27 expressing
cells showed clustered LDs. The enlarged view of LDs in FSP27-
GFP-expressing and non-expressing cells from Fig. 1B is shown in
Figure S1. Morphometric analysis of LDs in FSP27-GFP
transfected and untransfected cells confirmed that clustering of
droplets had no significant effect on the average size of LDs
(Fig. 1D).
To ensure that the LD clustering was not an artifact of the GFP
fused to FSP27, we performed the experiment with HA-tagged
FSP27. A similar intracellular LD distribution pattern was
observed in FSP27-HA expressing COS-7 cells (Figure S2),
indicating that FSP27 localization around the LDs and FSP27-
mediated clustering of LDs is not influenced by GFP or HA tags.
Also, note that GFP, HA, Flag or DsRed tags fused to FSP27 or
other CIDE proteins do not alter their respective properties of LD
targeting and/or enlargement [10,14,31,32].
Finally, we studied the effect of FSP27 on cellular TG levels.
Biochemical analysis was performed to quantify total cellular TG
levels after 16 hr of transfecting GFP vector alone or FSP27-GFP
in COS-7 cells. Transfection efficiency of GFP vector alone and
FSP27-GFP in COS-7 cells was 95% and 50% respectively. As
shown in Fig. 1E, clustering of LDs had no significant effect on
total TG levels. Since the transfection efficiency of FSP27-GFP
was low in COS-7 cells, therefore in order to further confirm that
there was no effect of clustering on TG levels we measured total
LD volume as an indirect measure of TG levels. As shown in
Fig. 1F, there was no significant change in the total LD volume per
cell in cells transfected with GFP vector alone or FSP27-GFP.
In order to confirm that the phenomenon of LD clustering is not
specific to COS-7 cells we expressed FSP27-GFP in brown and
3T3-L1 preadipocytes. After 16 hr of transfecting FSP27-GFP
clustering of LDs was observed in 3T3-L1 preadipocytes (Figure
S3) and cultured brown preadipocytes (Figure S4) which expressed
FSP27-GFP. To further confirm that FSP27-GFP could cluster
the LDs in adipocytes, we expressed FSP27-GFP in 3T3-L1
adipocytes at day 3 of their differentiation. As shown in Figure S5,
FSP27-GFP expression caused clustering of LDs in differentiating
3T3-L1 adipocytes with FSP27 forming a ring-like pattern around
the LDs.
Amino acids 173–220 are necessary and sufficient for
both targeting of FSP27 to LDs and clustering of LDs
To identify the functional domains of FSP27 that are required
for its LD targeting and clustering of the droplets, we prepared
truncation mutants of FSP27 fused to GFP and studied their effect
on FSP27 localization and LD arrangement. The domains chosen
were based on our recent studies on the sequence homology of
FSP27 to the PAT-family protein PLIN1 [33] and a study by Liu
et al. [15] where they showed that amino acids 174–192 are
required but not sufficient for LD localization of FSP27. The
truncation constructs (Fig. 2A) generated include the amino
terminal 1–120 amino acids (FSP27 (1–220)), Cide-N domain of
amino acids 41–120 (FSP27 (41–120)), amino acids 1–173 (FSP27
(1–173)), amino acids 1–192 (FSP27 (1–192)) and the carboxy
terminal 140–239 (FSP27 (140–239)). FSP27 (1–120), FSP27 (41–
120), FSP27 (1–173) and FSP27 (1–192) showed diffused
cytoplasmic and/or nuclear staining with LDs scattered through-
out the cytoplasm (Fig. 2B). In contrast, FSP27 (140–239) was
localized to LDs and caused their clustering (Fig. 2B). There was
no difference in the size of LDs in any of the above cases (Fig. 2C).
The data above revealed that the carboxy-terminus of FSP27 is
important for its localization to LDs and their clustering. We next
attempted to identify the smallest amino acid sequence in the
carboxy-terminus of FSP27 responsible for its LD targeting and
clustering. Since Liu et al. [15] have shown that 174–192 are
essential for LD localization of FSP27 [15], we prepared GFP
constructs of amino acids 173–200 (FSP27 (173–200)), 173–210
(FSP27 (173–220)), 173–220 (FSP27 (173–220)) and 173–239
(FSP27 (173–239)) (Fig. 3A). FSP27 (173–200) expression in COS-
7 cells showed diffused staining with no affect on LD distribution,
FSP27 (173–210) showed partial localization to LDs and caused
some clustering of LDs, whereas FSP27 (173–220), FSP27 (173–
230) and FSP27 (173–239) were completely localized to LDs and
clustered the LDs (Fig. 3B). FSP27 (173–220) was the smallest
sequence which had a localization pattern similar to full length
FSP27-GFP, with ring-like labeling surrounding LDs (Figs. 3B and
3C). Also, FSP27 (173–220) clustered the LDs the same as full
length FSP27-GFP. The expression of all of the above constructs
had no effect on the size of the LDs (Fig. 3D).
The clustering of LDs is followed by fewer and enlarged
LDs
In order to further study the consequence of clustered LDson LD
morphology, we performed a time course to follow the effect of
FSP27-GFP expression on LD morphology. After 4 hr of
transfectingFSP27-GFP9264%ofthecellswithgreenfluorescence
had LDs associated with FSP27-GFP (Fig. 4A). The LDs were not
clustered at this time point; however, almost all the LDs in cells had
FSP27-GFP associated with them. At the 16 hr time point, 8563%
of FSP27-GFP-expressing cells showed clustering,though the extent
of LD clustering varied among cells. Further incubation of these
cells for about 6–8 hr resulted in fewer and enlarged LDs with
FSP27 still associated with them. 8465% of FSP27-GFP-expressing
cells had enlarged LDs. The micrographs were generated by
stacking 3 mm Z-sections of confocal images. The individual slices
were examined carefully to rule out the possibility of overlap of LDs
in different focal planes which might resemble enlarged LDs. The
average radius of enlarged LDs was increased 2–3 fold (Fig. 4B).
Quantification of number of droplets per cell confirmed that at the
24 hr time point, FSP27-GFP expressing cells had significantly
reduced number of LDs as compared to the GFP-expressing cells
(Fig. 4C). These results show that after 24 hr of FSP27-GFP
transfection, cells had fewer but larger LDs.
Previously it has been found that FSP27 regulates TG storage in
cells [9,10,11]; therefore, in order to find out if FSP27-mediated
clustering and/or enlargement were associated with TG accumula-
tion in the cells, we performed biochemical analysis of TG content of
the cells at different time points after GFP or FSP27-GFP transfection.
As shown in Figure 4D, there was no change in TG content at the
4 hr and 16 hr time points, whereas at 24 hr about 40% increase in
total TG content was observed. These results show that FSP27-
mediated clustering has no effect on TG accumulation, whereas the
enlargement of LDs is accompanied by TG accumulation.
Amino acids 120–210 are necessary and sufficient for
FSP27-mediated LD enlargement
The amino acid sequence 173–220 was responsible for
localization of FSP27 to LDs and their clustering but its expression
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domain of FSP27 is responsible for LD enlargement. Amino acid
sequence 140–239 had no effect on the size of LDs (Fig. 2C),
therefore we added the amino acids ranging from 120–140 to the
sequence 140–239. We picked this 20 amino acid region because
adding these amino acids to 140–239 would complete the carboxy-
terminus of FSP27.Also, this is the regionbetweenthe CIDE-Nand
CIDE-C domains of FSP27. A GFP-fusion construct with amino
acids 120–239 (FSP27(120–239)) (Fig.5A)wasexpressedincells. As
shown in Fig. 5B, after 16 hr of transfection FSP27 (120–239)
caused fewer and enlarged LDs. Interestingly, the enlargement of
LDs was also observed even after 8 hr of expressing FSP27 (120–
Figure 1. FSP27-GFP expression causes clustering of LDs in COS-7 cells. A, COS-7 cells were transfected with GFP vector alone. Left panel
shows GFP expression in cells after 16 hr of transfection. The LDs stained with Nile red are shown in red color in the middle panel. Bar, 10 mm. B, COS-
7 cells transfected with FSP27-GFP for 16 hr. Nucleus was stained with DAPI. Left panel shows cell expressing FSP27-GFP (top) and non-expressing
cell (bottom) in the same fied of the microscope. The middle panel shows LDs stained with Nile red. A 2 mm Z-slice of the transfected cell (in the inset
of top right panel) is enlarged in the lower panels to show a clear representation of FSS7-GFP distribution around the clustered droplets (also see
Figure S1). Bar, 10 mm. C, percent of GFP or FSP27-GFP expressing COS-7 cells which showed clustered LDs. Results are an average of at least three
independent experiments 6 standard deviation. About 25 cells were counted in each individual experiment (p,0.0001). D, morphometric analysis
was performed to measure the radius of LDs in FSP27-GFP transfected and untransfected COS-7 cells. Results are an average of at least 25 cells from
three independent experiments 6 standard deviation. E, Biochemical quantification of total triglycerides in COS-7 cells after 16 hr of transfection
with GFP and FSP27-GFP cDNA. Data is from three independent experiments, error bars show standard deviations (p=0.17). F, total LD volume in
cells transfected with GFP vector alone and FSP27-GFP. The bars indicate the volume in mm
3 6 standard error, (*, p=0.3).
doi:10.1371/journal.pone.0028614.g001
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from 120–140 are essential for FSP27-mediated LD enlargement.
In order to find out the shortest sequence of FSP27 that is
sufficient for LD enlargement, we prepared GFP-fusion constructs
of amino acids ranging from 120–220 (FSP27 (120–220)) and 120–
210 (FSP27 (120–210)). As shown in Figs. 5B and 5C, expression
of both FSP27 (120–220) and FSP27 (120–210) led to fewer and
enlarged LDs in cells. Expression of amino acids 120–200 had no
significant effect on LD size (data not shown). These results
indicate that amino acids 120–210 are sufficient for FSP27-
mediated LD enlargement.
In our studies FSP27 (173–220) clustered the LDs after 16 hr of
transfection which was similar to full length FSP27 (Fig. 3B, C).
But in the case of full length FSP27 the clustering of LDs was
followed by their enlargement in the next 8 hrs. Therefore, in
order to confirm that amino acids 173–220 were associated with
only clustering of LDs but not their enlargement, we incubated the
COS cells for 24 hrs after transfecting them with FSP27 (173–
220). As shown in Figure 6A, FSP (173–220) expression after 24 hr
of transfection showed only clustering of LDs. On the other hand
full length FSP27 showed the formation of larger LDs under the
same conditions.
Figure 2. Carboxy-terminus of FSP27 is necessary for LD targeting and clustering. A, deletion mutations of FSP27. GFP fusion constructs of
these deletion mutations were prepared to identify the LD targeting and clustering regions of FSP27. B, expression of GFP fusion constructs of FSP27
deletion mutants in COS-7 cells. The images show the distribution of mutants (green) after 16 hr of transfection. LDs were labeled with Nile red (red)
and nucleus was labeled with DAPI (blue). C, morphometric analysis was performed on microscopic images to measure the radius of LDs. The results
shown are an average of mean radius of LDs in at least 10 cells from three different experiments in each condition. The error bars show standard
deviation.
doi:10.1371/journal.pone.0028614.g002
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PLoS ONE | www.plosone.org 4 December 2011 | Volume 6 | Issue 12 | e28614Figure 3. Amino acids 173–220 are necessary and sufficient for localization of FSP27 to LDs and their clustering. A, deletion mutants
in the C-terminus of FSP27 which were fused with GFP to identify the minimum essential domain of FSP27 required for its targeting to LDs and
cluster them. B, expression of GFP fusion constructs of FSP27 deletion mutants in COS-7 cells. The images show the distribution of mutants (green)
after 16 hr of transfection. LDs were labeled with Nile red (red) and nucleus was labeled with DAPI (blue). C, amino acids 173–220 of FSP27 are
necessary and sufficient for targeting to the LDs and clustering them. Left panel shows FSP27 (173–220)-GFP expression after 16 hr of transfection,
middle panel shows the LDs labeled with Nile red. Bar 10 mm. D, morphometric analysis was performed on microscopic images to measure the radius
of LDs. The results shown are an average of mean radius of LDs in at least 10 cells from three different experiments in each condition. The error bars
show standard deviation.
doi:10.1371/journal.pone.0028614.g003
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occurred in a shorter time (16 hr) compared to the full length
FSP27 (24 hr). This indicates that this region of FSP27 is a core
domain in promoting the enlargement of LDs. However, it was
not clear yet whether the FSP27 (120–210) induced LD
enlargement followed their clustering or enlargement in this case
skipped the clustering of LDs. Therefore, we next performed the
experiment with FSP27 (120–210) for shorter time points than
16 hr. As shown in Fig. 6B, 4 hr after transfecting FSP27 (120–
210) the LDs were clustered. This clustering of LDs was followed
by the formation of fewer and enlarged LDs in the next 4 hr.
FSP27 (120–210) was also localized to the small droplets scattered
throughout the cytoplasm. These LDs could be newly formed
droplets associated with FSP27 (120–210) which were not yet
clustered and enlarged. Taken together, the above results show
that amino acids 120–210 are sufficient for both clustering and
enlargement of LDs.
FSP27 might play a role in LD coalescence to form
enlarged LDs
The FSP27-mediated clustering of LDs was followed by fewer
and enlarged droplets, suggesting that the enlargement of clustered
LDs was due to their coalescence. In order to test that FSP27
might be promoting the coalescence of LDs to form enlarged LDs,
we transfected cells with FSP27-GFP and incubated for 4 hr to
allow FSP27 to be expressed. The cells were then incubated with
70 mM cycloheximide for 1 hr to inhibit FSP27 synthesis. Further
incubation of these cells was carried out in the presence of 60 mM
OA/BSA and 70 mM cycloheximide. After overnight incubation
OA/BSA was removed and the cells were incubated for another
1 hr in the presence of cycloheximide to give some time to the
newly formed LDs to mature. The cells were washed, fixed and
stained with Nile red. Microcopic images showed that FSP27 was
associated with most of the droplets in OA/BSA fed cells
(Figure 7A). Under our experimental conditions, the untransfected
cells were filled with a large number of small LDs formed in the
presence of exogenous OA/BSA, and all of these droplets were of
similar size. Interestingly, in spite of close packing of the droplets
(shown by arrows) in the cells not expressing FSP27-GFP, the LDs
did not show any sign of coalescence (Figure 7A). As shown in
Fig. 7B, the total number of droplets in OA/BSA fed cells, which
did not express FSP27-GFP, increased almost 2.5-fold as
compared to the cells that were treated with BSA alone (control).
In contrast OA/BSA fed cells that expressed FSP27 (OA/
BSA+FSP27) had fewer but larger droplets compared to the cells
that did not express FSP27-GFP. Also, about 85% of the droplets
in OA/BSA+FSP27 cells had FSP27 associated with them
(Figure 7C). Morphometric analysis showed significantly enlarged
LDs in FSP27-GFP expressing cells (Figure 7D). Almost all the
cells that expressed FSP27-GFP had fewer and enlarged LDs.
Since most of the droplets in OA/BSA+FSP27 cells were
associated with FSP27, this suggests that it could be existing FSP27
protein which was redistributed to the newly formed droplets. To
confirm whether the existing protein was redistributed to LDs, the
intensity of GFP fluorescence was measured before and after OA/
BSA feeding in the presence of cycloheximide. There was no
marked difference in total fluorescence intensity of FSP27-GFP
per cell before and after OA/BSA treatment in the presence of
cycloheximide (Fig. 7E), indicating the redistribution of the
existing FSP27 on the LDs.
The total volume of LDs was increased about 3-fold in FSP27
expressing cells compared to the neighboring untransfected cells
(Figure 7F), which indicates higher TG levels in FSP27 expressing
cells. To further confirm that TGs were higher in FSP27
Figure 4. Clustering of LDs is followed by their enlargement in
FSP27-GFP expressing COS-7 cells. A, time course of FSP27-GFP
expression in COS-7 cells. COS-7 cells were transfected with FSP27-GFP.
After 4 hr, 16 hr and 24 hr of transfection, the cells were fixed, labeled
with Nile red and analyzed under confocal microscope. After 4 hr of
FSP27 expression almost all the LDs were associated with FSP27 (left
panel), at 16 hr the LDs in about 85% of FSP27-GFP expressing cells
were clustered (middle panel) and at 24 hr after FSP27 transfection
about 80–85% of the cells had enlarged LDs (right panel). Bar 10 mm.
B, Morphometric analysis was performed on microscopic images to
measure the average radius of LDs. The results are from at least 10 cells
in each condition form three independent experiments. The error bars
show standard deviation, (*, p,0.001). C, Quantification of LDs per cell
was performed in GFP and FSP27-GFP expressing cells at different time
points. The results are an average of LDs per cell. LDs in at least 10 cells
were counted in each condition from three independent experiments,
(*, p,0.001). D, biochemical quantification of total TGs in COS-7 cells at
different time points after transfection with GFP and FSP27-GFP. Data is
from three independent experiments, error bars show standard
deviation, (*, p,0.001).
doi:10.1371/journal.pone.0028614.g004
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the cells transfected with FSP27-GFP or GFP vector alone under
the above mentioned conditions. FSP27 increased TG content of
the cells by 45% (Figure 7G).
The above data suggested that FSP27 promotes coalescence of
LDs to form enlarged LDs. Thus, we next attempted to study the
distribution of FSP27 in the above studies at shorter time points.
The cells were transfected with FSP27-GFP; 4 hr later they were
incubated with 70 mM cycloheximide for 1 hr and then fed with
OA/BSA in the presence of cycloheximide. After 3 hr the cells
were washed, fixed and labeled with Nile red for confocal
microscopy. As shown in Figure S6, FSP27-GFP was associated
with most of the droplets and appeared to connect the droplets.
Many droplets also gave the appearance that they were
undergoing coalescence. Figure S7 shows another cell where
almost all the LDs in the FSP27 expressing cell were clustered and
gave an appearance as if they were undergoing coalescence with
FSP27-GFP forming a mesh around all the LDs. No such
phenotype was observed in the neighboring non-FSP27 expressing
cell (Figure S7).
Discussion
The mechanisms by which cells accumulate triglycerides in
distinct organelles called LDs, and especially how the size and
number of these LDs are regulated, remain poorly understood.
Primary adipocytes, which express a number of LD proteins,
including PAT proteins and FSP27, accumulate lipid in one main
Figure 5. Amino acids 120–210 are necessary and sufficient for enlargement of LDs. A, deletion mutants of FSP27 which were fused with
GFP to identify the minimum essential domain of FSP27 associated with LD enlargement. B, expression of GFP fusion constructs of FSP27 deletion
mutants in COS-7 cells. The images show the distribution of mutants (green) after 16 hr of transfection. LDs were labeled with Nile red (red) and
nucleus was labeled with DAPI (blue). Bar 10 mm. C, morphometric analysis was performed on microscopic images to measure the radius of LDs. The
results shown are an average of mean radius of LDs in at least 10 cells from three different experiments in each condition. The error bars show
standard deviation.
doi:10.1371/journal.pone.0028614.g005
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all cells, there is a dynamic regulation of LD morphology. The
current work demonstrates that FSP27-mediated enlargement of
LDs is not a simple process, but rather consists of two independent
steps. Initially FSP27 mediates a rearrangement of small LDs to
form clusters, and then it promotes the formation of fewer and
enlarged droplets by fusing the clustered droplets. Amino acids
173–220 in the C-terminus of FSP27 play a role in localization of
FSP27 to LDs and also clusters the LDs. Furthermore, we found
that the amino acids 120–210, which overlap most of 173–220, are
necessary and sufficient for both clustering and fusing the droplets
to form enlarged droplets (Figure 8). These effects were observed
in COS-7 cells, which lack key lipases and other LD proteins that
are present in adipocytes [3], suggesting the unique importance of
FSP27 in the regulation of TG accumulation and LD morphology.
Our data advance the knowledge of the specific domains of
FSP27 that mediate its LD targeting, the clustering of newly
formed LDs, and their apparent coalescence and enlargement.
The data are consistent with a recent study by Liu et al. [15] which
documented the importance of the C-terminus of FSP27 in LD
anchoring. They found that amino acids 174–192 are required but
not sufficient for LD localization of FSP27. In a collaborative
study, we have previously shown that a non-sense mutation in the
C-terminus of human FSP27 (CIDEC) results in a truncation in
the protein which causes multiple small LD’s in white adipocytes
of a human subject [13]. Consistent with these studies, we found
that amino acids 1–120, which belong to N-terminus of FSP27 had
no role in localization of FSP27 to LDs. We further identified
amino acids 173–220 in the C-terminus of FSP27 as sufficient for
both its localization to LDs and their clustering. Furthermore, we
found that amino acids 120–210 are necessary and sufficient for
both clustering and enlargement of LDs. In this domain, amino
acids 120–140 had an important role in regulating LD
enlargement. Without residues 120–140 the remaining portion
of the FSP27, i.e. 140–239, could not enlarge the LDs but only
cluster them (Fig. 2), suggesting that residues 120–140 play an
essential role in the coalescence of the clustered LDs to form
enlarged droplets. Taken together, these data suggest that amino
acids 120–210 facilitates the fusion of LDs, and in this fusogenic
domain of FSP27 the amino acid residues 120–140 might play an
important role in LD fusion. The residues 120–140 connect
CIDE-N and CIDE-C domains of FSP27 (Fig. 8). According to the
secondary structure prediction using SWISS-MODEL [36], most
of the residues in the 120–140 region form a coil in the protein
structure. The 120–140 sequence is a mixture of acidic, basic and
hydrophobic amino acid residues. Interestingly, the model did not
predict any transmembrane helices in the FSP27 protein.
FSP27 (120–210)-mediated LD enlargement was preceded by
clustering of droplets. LD size was increased by the FSP27 (120–
210) mutant even in 8 hr. This time course is faster than that of
full length FSP27. It indicates that the 120–210 amino acid region
is a core domain in promoting the clustering and fusion of LDs.
The two functional domains of FSP27, amino acids 173–220 and
120–210, overlap significantly. Interestingly, the domain of FSP27,
120–210 includes all the amino acids from the clustering domain
of 173–220 except for the residues 210–220. In fact, amino acids
173–210 did show clustering of LDs along with both LD and
cytosolic localization of the mutant protein (Fig. 3B). Possibly,
120–210 being a core domain in promoting LD enlargement
caused more rapid coalescence of clustered droplets. Moreover,
there was no difference in the size of the enlarged LDs by both
FSP27 (120–210) and FSP27 (120–220) mutants (Fig. 5C), which
shows that amino acids 120–210 are sufficient to cause LD
enlargement. Nonetheless, our study has identified that amino
acids 120–210 of FSP27 protein play a role in LD fusion to form
enlarged LDs. It seems logical that for the coalescence of LDs to
form larger droplets, the droplets have to come together in contact
with each other. Indeed, our study demonstrates that the
clustering is a prerequisite for FSP27-mediated enlargement of
LDs and the two steps mediated by FSP27, i.e. clustering and
enlargement of LDs, are discrete and sequential. Overall our data
show that FSP27 causes fusion of LDs to form enlarged droplets
and that the amino acid domain 120–210 plays an important role
in this function of FSP27.
FSP27 and another CIDE-family protein, Cidea, share about
60% sequence similarity in their amino acids [33].The C-terminus
of Cidea was shown to be critical for LD anchoring and TG
Figure 6. FSP27 (120–210) rapidly clusters and enlarges the
LDs. A, LD morphology after 24 hr of transfecting FSP27 (173–220),
FSP27 (120–210), and full length FSP27 in COS-7 cells. LDs were stained
with Nile red. Bar 10 mm. B, COS-7 cells were transfected with FSP27
(120–210) and analyzed after 4 hr and 8 hr of transfection. LDs were
stained with Nile red. Bar 10 mm.
doi:10.1371/journal.pone.0028614.g006
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that the C-terminal domain of Cidea directs LD targeting,
clustering, and TG accumulation, whereas the N-terminal domain
is required for Cidea-mediated development of enlarged LDs.
FSP27 has a total of 239 amino acids; therefore the amino acids
from 120 onwards belong to the C-terminal. Our study shows that
amino acids 120–210 are necessary and sufficient for LD
enlargement. Overall our studies indicate that the C-terminal of
FSP27 plays a role in anchoring FSP27 to LDs and regulating LD
morphology. Interestingly, based on alignment of the amino acid
residues 120–140 of FSP27 with full length Cidea, there is no
sequence similarity in amino acids. It indicates that the two
proteins, Cidea and FSP27, play a redundant role in LD
enlargement but domains consisting of different amino acids are
involved in this function. This hypothesis at least is in consonance
with the difference between Cidea and FSP27, i.e. N-terminal of
Cidea [32] but C-terminal of FSP27 are critical for the
development of enlarged LDs.
Figure 7. FSP27 redistributes to newly formed LDs and might promote coalescence of droplets to form enlarged LDs. A, COS-7 cells
were transfected with FSP27-GFP, 4 hr after transfection 70 mM cycloheximide was added for 1 hr to inhibit protein synthesis. The cells were then fed
with 60 mM OA/BSA for the formation of new LDs overnight during which 70 mM cycloheximide was also present. After overnight incubation the cells
were washed, incubated for another 1 hr in the absence of OA/BSA and presence of cycloheximide, fixed and stained with Nile red. Note that the
FSP27-GFP expressing cells have fewer but enlarged LDs and FSP27-GFP was associated with most of the droplets independent of their size. In
contrast, the neighboring cells that do not express FSP27-GFP, are filled with large numbers of small LDs and all of these droplets are of similar size,
also, in spite of close packing of the droplets (shown by arrows in the right bottom image) they do not show any sign of coalescence. B,
quantification of number of droplets per cell under conditions mentioned above. In control, the cells were fed with OA/BSA alone. (*, p,0.0001). C,
percent of droplets associated with FSP27-GFP after overnight OA/BSA treatment of COS-7 cells. D, average radius of the lipid droplets. In control, the
cells were fed with BSA alone (*, p,0.0001). E, fluorescence intensity of FSP27-GFP before and after OA/BSA feeding in the presence of cycloheximide
under the conditions mentioned in panel A. F, total LD volume in untransfected and FSP27-GFP transfected cells fed with OA/BSA. The bars indicate
the volume in mm
3 6 standard deviation. (*, p,0.002). G, biochemical analysis of TG content in COS-7 cells. The cells transfected with GFP had 5.5-
fold increase in TGs when fed with OA/BSA (*, p,0.0001). The cells transfected with FSP27-GFP and fed with OA/BSA showed further increase in TG
content (**, p,0.005). In B–F, the cells were treated with cycloheximide and fed with OA/BSA in the exact same conditions mentioned in panel A.
doi:10.1371/journal.pone.0028614.g007
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causes fusion of LDs but do not provide a mechanism. It is possible
that FSP27 causes clustering of LDs and they coalesce due to lipid-
lipid hydrophobic interactions. This is most likely not the case, as
the incubation of non-FSP27-GFP cells with OA/BSA resulted in
numerous LDs which were in contact with each other, but enlarged
LDs were not formed in the absence of FSP27 (Figure 7A); we did
not observe any sign of coalescence or fusion of the LDs of these
cells. In contrast, the FSP27 expressing cells displayed significantly
larger LDs. Another point of interest with respect to the current
study concerns the distorted shape of LDs which were undergoing
coalescence (Figures S6 and S7). The distortion of LDs was not
observed in the cells not expressing FSP27 (Figure S7); which rules
out the possibility that it is an artifact due to fixing of the cells before
microscopy. In fact, we used paraformaldehyde for fixing the cells,
which is shown to be a method of choice to study LDs
microscopically [37]. The distortion in coalescing LDs indicates
that the FSP27-mediated coalescence of LDs is a complex process
which might require a rearrangement of the LD surface prior to the
complete fusion of LDs. Indeed a recent study by Murphy et al. [38]
showed that LD fusion occurs in two stages in 3T3-L1 adipocytes:
an initial rapid fusion of the surfaces of LDs to form a continuous
membrane, followed by a slower merging of the contents and the
reformation of a single round LD. The role of FSP27 in these
processes needs to be determined experimentally.
Our studies using COS-7 cells, which do not express adipocyte-
specific LD proteins such as perilipin, indicate that FSP27 might
not require the adipocyte-specific proteins to regulate the
clustering or enlargement of LDs. On the other hand, FSP27
may work in concert with other proteins like SNARE proteins
which are ubiquitously expressed and have been shown to mediate
fusion between cytosolic LDs [39,40]. Interestingly, FSP27 was
observed reaching from one droplet to another (Figure S6). A
recent study has indicated that FSP27 has a capability to form
homodimers and heterodimers [15]. Therefore, it could be that
FSP27 forms homodimers that help FSP27 to extend from one
droplet to another to bring the LDs together. Future studies will
address whether the truncation mutants of FSP27 have any effect
on homodimeric interactions of FSP27. Although the distribution
pattern of FSP27-GFP, i.e. reaching from one droplet to another,
was observed in multiple cells, the possibility is that it could be
incidental. The extended FSP27-GFP signal could be due to
association with the small LDs that failed to get stained with nile
red, giving an appearance of FSP27 extending to the other LDs. It
could also be due to other cellular organelles, like endoplasmic
reticulum, at the same focal plane where FSP27-GFP might be
localized. Nonetheless, the distribution of FSP27 which shows that
it reaches from one droplet to another and appears to bind them
together (shown in inset 1 and 2 of Figure S6) could explain its role
in rearrangement of the droplets to bring them together. Further
studies are required to explain this distribution pattern of FSP27.
Our data suggest that FSP27 regulates LD morphology changes
in multiple steps to form large LDs in adipocytes. Previous studies
have shown that FSP27 depletion in adipocytes causes fragmen-
tation of LDs and increased lipolysis [9,10]. Also, FSP27
deficiency blocked the maturation of LDs during adipogenesis in
3T3-L1 adipocytes; that is, in FSP27 shRNA expressing cells,
small LDs were distributed throughout the cytoplasm whereas
adipocytes with normal FSP27 expression had large LDs (data not
shown), a typical phenotype of differentiated adipocytes. In fact, a
recent study by Li et al [41] has shown small LDs and less TG
accumulation in CIDEC deficient human adipocytes. In this study
they found that CIDEC-deficient human adipocytes have low
perilipin and higher PPARc mRNA levels and therefore proposed
that CIDEC might be involved in the differentiation of adipocytes.
On the contrary, Keller et al [10] previously suggested that FSP27
knockdown does not impair adipogenesis in cultured adipocytes.
Furthermore, FSP27 knockout mice develop white adipose tissue
with multilocular adipocytes [14,34,42] which indicates that
FSP27 could be involved in maintaining LD morphology during
adipogenesis and may not affect the differentiation of adipocytes,
which is a highly regulated process. Nonetheless, these studies
suggest that FSP27 is associated with TG accumulation and
formation of large LDs in cultured adipocytes.
In summary, our data suggest that FSP27-mediated clustering
and enlargement of LDs are two distinct and sequential steps. The
clustering of LDs via FSP27 had no effect on LD size, but it was
followed by fewer and enlarged LDs. Amino acids 120–210 are
necessary and sufficient for both clustering and fusion of LDs to
form enlarged droplets. Furthermore, our results show that
enlargement of LDs, but not their clustering, is associated with
increased TG levels in the cells. This FSP27-mediated enlarge-
ment of LDs is not due simply to an increase in TG synthesis since
the role of FSP27 in TG synthesis has already been ruled out [12].
This could be due to the fact that the enlarged LDs have decreased
lipolysis due to decreased surface area/volume. Indeed, our
previous study reveals that FSP27 negatively regulates lipolysis and
promotes triglyceride accumulation [9]. Overall, our study helps to
gain a better understanding of the steps involved in FSP27-
mediated LD morphology and TG storage. Further studies are
required to understand the mechanism of FSP27-mediated
clustering and fusion of LDs in adipocytes as it applies to the
efficiency and capacity of adipocytes to store TG in adipocytes, a
phenomenon which is associated with the pathophysiology of
diseases such as Type 2 diabetes and obesity [43,44,45,46,47].
Materials and Methods
Materials
Nocodazole (Sigma Aldrich, MO), Latrunculin A (Sigma
Aldrich, MO), Mitotracker (Invitrogen, CA), Nile Red (Sigma
Aldrich, MO), HCS LipidTOX-Deep Red (Invitrogen, CA),
Cycloheximide (Sigma Aldrich, MO), OA/BSA (Sigma Aldrich,
MO). COS-7 cells were purchased from ATCC. pEGFPC1 vector
was purchased from Clontech.
Figure 8. Schematic representation of FSP27 and its functional
domains. Two domains of FSP27 have been reported in literature,
CIDE-N and CIDE-C. The CIDE-N and CIDE-C domain ranges from amino
acids 41–120 and 140–206 respectively [48]. The N-terminus of FSP27 is
from amino acids 1–120 and the C-terminus is from amino acids 121–
239. We found that FSP27-mediated enlargement of LDs consists of two
independent steps, clustering followed by fusion of LDs. Amino acids
172–210 are necessary and sufficient for FSP27-mediated clustering of
LDs. The clustering of LDs has no effect on their size and cellular TG
levels. The LD clustering is followed by their enlargement. Amino acids
120–210 are sufficient for clustering and enlargement of LDs.
Interestingly, FSP27-mediated enlargement of LDs is accompanied with
increased TG levels in the cells. These results highlight the important
role of FSP27 in LD morphology and TG accumulation.
doi:10.1371/journal.pone.0028614.g008
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The FSP27 cDNA was purchased from Open Biosystems. PCR
was performed to generate DNA encoding a full-length or
truncated product by using a 59-linker containing a BglII
restriction site and a 39-linker containing an EcoRI site. After
cutting with the restriction enzymes (BglII and EcoRI), the
purified PCR fragments were cloned into pEGFP-C1 vector
(Clontech). All constructs were verified by full sequencing of inserts
(Molecular Genetics Core facility, Boston University School of
Medicine, Boston, MA).
Cell Culture and transfections
Cells were cultured in DMEM supplemented with 10% FBS,
50 mg/ml streptomycin, and 50 units/ml penicillin. For experi-
ments performed in COS-7 cells and preadipocytes, 5610
5 cells
were electroporated with 10 mg of plasmid DNA. The electropo-
ration was performed using a Bio-Rad GenePulser Xcell in a 0.2-
cm cuvette at a setting of 110V, 20 milliseconds, and single pulse.
Immediately after electroporation, the cells were reseeded and
incubated for 16 hrs before being fixed with paraformaldehyde
and stained with Nile Red for confocal microscopy [37].
Fluorescence microscopy
Microscopy was performed using a Zeiss LSM 710-Live Duo
scan (Carl Zeiss, Oberkochen, Germany) with a 6100 oil
immersion objective. Cells plated on glass coverslips were washed
twice with PBS and fixed with 4% paraformaldehyde post-
transfection. Lipid droplets were stained with 0.5 mg/ml of Nile
Red or HCS LipidTOX-Deep Red stain by incubating cells for
15 minutes. Images were processed using Metamorph imaging
software, version 6.1 (Universal Imaging, Downingtown, PA).
Lipid droplet staining
Cells were washed with PBS, fixed in 4% Formaldehyde for
20 minutes and quenched with 0.1 M glycine. Cells were then
incubated with 0.5 mg/ml of Nile Red or HCS LipidTOX-Deep
Red stain for 30 minutes. Cells were then washed with PBS and
the cover slips were mounted on glass slides with VectaShield
(Vector Labs, CA) mounting media.
Morphometric analysis on lipid droplets
The morphometric analysis on lipid droplets was performed on
confocal images by using Metamorph version 7.1. After subtract-
ing the background, the cells were outlined and threshold for Nile
red intensity. Each droplet was identified as a discrete object using
object classifiers in metamorph program. Only the droplets that
were identified individually by the program were chosen for
analysis. Pixel-to-micrometer ratio was assigned, and the program
measured the radius and volume (equivalent sphere volume) of the
Nile red-stained lipid droplets in cubic micrometers. In each
condition, 10–25 cells were measured for total volume of droplets
per cell.
Triglyceride Determination
Cells were transfected as described above and at 16 hour post-
transfection, wells were lysed with cell lysis buffer (CellSignal),
sonicated, and quantified for TG using the TG Determination Kit
(Sigma) according to the manufacturer’s instructions.
Supporting Information
Figure S1 The middle panel of Figure 1B from the
manuscript is enlarged to show the distribution and
morphology of LDs. The FSP27-GFP expressing and non-
expressing cells are shown in the same field at the same
magnification.
(TIF)
Figure S2 FSP27-HA expression causes clustering of
LDs in COS-7 cells. Cos-7 cells were transfected with cDNA of
FSP27 fused to HA tag. After 16 hr of transfection the cells were
fixed with paraformaldehyde and stained with HA-antibodies. Bar,
10 mm.
(TIF)
Figure S3 FSP27-GFP expression causes clustering of
LDs in 3T3-L1 preadipocyes. The 3T3-L1 preadipocytes
were transfected with FSP27-GFP cDNA and incubated with
20 mM OA/BSA for 16 hr. LDs were stained with Nile red.
(TIF)
Figure S4 FSP27-GFP expression in brown preadipo-
cytes causes clustering of LDs. Brown preadipocytes after
16 hr of transfection with GFP (top panels) and FSP27-GFP
(bottom panels). LDs were stained with Nile red (middle panel).
(TIF)
Figure S5 FSP27-GFP causes clustering of LDs in
differentiating 3T3-L1 adipocytes. FSP27-GFP was ex-
pressed in differentiating 3T3-L1 adipocytes on day 3. 16 hr after
transfection the cells were fixed and observed under confocal
microscope. Left panel shows the distribution of LDs where all the
confocal Z-sections of the cell were stacked to form one single
image. The right hand side panel shows a very thin slice of 2 mm
showing clustered LDs. Bar, 10 mm.
(TIF)
Figure S6 FSP27-GFP distribution during LD enlarge-
ment. FSP27 binds various LDs together by extending from one
LD to another. The cells were transfected with FSP27-GFP, 4 hr
after transfection cycloheximide was added for 1 hr and then the
cells were fed with OA/BSA for 3 hr in the presence of
cycloheximide. LDs were stained with Nile red. Inset shows that
FSP27 is extended from one droplet to another (Arrows) and it is
concentrated on most of the points from where it is extended. Bar,
10 mm.
(TIF)
Figure S7 FSP27 might facilitate fusion of LDs. The cells
were transfected with FSP27-GFP, 4 hr after transfection
cycloheximide was added for 1 hr and then the cells were fed
with OA/BSA overnight in the presence of cycloheximide. LDs
were stained with Nile red. Note that FSP27 forms a kind of mesh
around the droplets which gave an appearance as if they were
coalescing. The untransfected cell within the same field has
number of droplets distributed throughout the cytoplasm. Bar
10 mm.
(TIF)
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